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ABSTRACT: For simulations of sheet metal forming processes a yield criterionwellsuitedtotheused
material is required to obtain accurate results. In this article results of orthogonal strain path changes on
mildsteelarepresented, bothexperimentalaswithsimulations, showing the shape of the yield locus. For
the experiments a biaxial tester is used that loads a specimen on simple shear and plane strain tension in any
arbitrary amount. Tests are performed with a two stage strain path; first plane strain tension followed by
simple shear. In the transition from tension to shear the stress state translates over the yield surface, hereby
indicating the local shape of the yield surface. The experiments are simulated with the Vegter yield function, to
investigate the correspondence of the material model and the actual response of the material. It shows that the
influence of strain path changes is relatively strong, even with lower amounts of prestrain the actual response
of the material could not be simulated with a regular hardeningmodel.
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1 INTRODUCTION
The material models used in sheet metal forming
simulations determine to a great extend the accuracy
of the results. Many researchers have developed
yield criteria to enhance the description of plastic
flow, often resulting in material specific functions,
[1–3]. The parameters of the yield functions are of-
ten determined with uniaxial tests. The procedures
for doing so are normally well known and under-
stood, but have the strict limitation of having only
one loading direction. Biaxial experiments do not
have this limitation and are therefore suited to val-
idate material models in different stress states. For
this purpose, a biaxial test facility is developed that
loads a sheet specimen in arbitrary combinations of
bothsimpleshearandplanestraintension.Inthis
article orthogonal plane strain tension–simple shear
experiments are performed to investigate the con-
cept of yield criteria in material models.
Yield criteria describe the multidimensional stress
state at which a material changes from elastic to
plastic deformation. Classically, it is assumed that
the yield locus does not change shape during plas-
tic deformation, it only grows or translates in stress
space, isotropic and kinematic hardening, respec-
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tively. However, Peeters et al. [4] used crystal plas-
ticity to deduce the yield locus shape on material
loaded with discontinuous strain path changes. It
was shown that the shape of the yield locus cannot
be assumed constant during a deformation process.
Developments on dislocation level are assumed to be
the driving mechanism in the hardening behaviour,
and as such are incorporated in the hardeningmodel,
not in the yield criterion. Texture has only a small
effect on the hardening behaviour, and still then,
only with strains exceeding 20 %.
The experiments presented are performed on mild
steel and consist of orthogonal tests with plane strain
tension followed by simple shear deformation. The
used biaxial equipment allows to constantly moni-
tor the stresses in both loading directions, also dur-
ing the strain path change. It is noticed that T.
Kuwabara, M. Kuroda and V. Tvergaard [5, 6] al-
ready proposed such a test to investigate yield loci.
Besides, the typical overshoot in stress [7] in the sec-
ond loading direction is also observed in these ex-
periments. The resulting stress paths are compared
with simulations where the strain paths from the ex-
perimentsareusedasinput.Thematerialbehaviour
is modelled with the Vegter yield criterion, which
uses four different stress modes to construct a yield
surface. This results in a highly accurate yield de-
scription. The hardening behaviour is modelled with
theBergstr¨om model.
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2 MECHANICAL EXPERIMENTS
In this chapter the biaxial test equipment and the re-
sultsobtainedwithitarepresented.Todetermine
the stress path along the yield locus, an orthogonal
strain path change is applied. The first strain path
is regular plane strain tension up to approximately
12 % tensile strain. This is followed by simple shear
deformation perpendicular to the tensile loading di-
rection. Strain path changes are applied in various
grades, from a gradual strain path change, in which
a little tensile deformation is allowed in the simple
shear path, until a sharp transition, in which the ten-
sile test abruptly changes to simple shear. To investi-
gate the influence of prestrain, experiments are also
performed with more and with less tensile strain in
the first strain path.
2.1 BIAXIAL TEST EQUIPMENT
The in-house developed biaxial testing device is
used to investigate the effects of strain path changes
on the mechanical response. A uniaxial testing de-
vice is used and a subframe is mounted between
the cross bars. The subframe accommodates the ac-
tuator for the shear deformation while the uniaxial
frame controls the tensile deformation. The advan-
tage over a biaxial tester with cross-shape samples is
that the simple shear–tension layout allows to deter-
mine full stress–strain curves with large strains. Fig-
ure 1 shows a drawing of a sample and the loading
directions of the clamped parts of the sample. The
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Figure 1: Left: The sample with deformation re-
gion (hatched), boundary conditions and dimensions
(mm). Right: The covered domain in stress space.
height to thickness ratio is relatively small to avoid
wrinkling in simple shear tests. Besides, the large
width to height ratio results in a plane strain condi-
tion in transverse direction in a tensile test. Mea-
suring the displacement of the actuators is due to
this small deformation region not accurate enough
for the determination of strain. Instead, an optical
method is used. A camera tracks black silicon dots
on the surface of the deformation region, and from
their co-ordinates the deformations in the plane of
the sheet are determined. Stresses are easily calcu-
lated via the force signals and the dimensions of the
sample.
An aspect normally not of much influence on experi-
mental results is the stiffness of the test setup. In the
applied strain path changes, the stress state translates
over the yield surface and hereby the tensile stress
is reduced. Since the test equipment itself is also
elastically stretched in the tensile test, the release
of force in this direction reduces the elongation in
the test equipment. Consequently, an extra deforma-
tion is applied to the sample. A maximum increase
of 7 % tensile strain was found after the strain path
change. An algorithm was developed to compensate
for this effect, such that the strain path change can
besettobeabruptorgradual.
2.2 TEST-RESULTS
The tests are performed on mild steel, DC06, from
which it is known that it is relatively sensitive to
strain path changes and strain rate [8]. The strain
rate in these experiments is approximately ??? ?
???? ???. In Figure 2 strain paths are depicted
of 6 tests with increasing sharpness of the strain
path change. Test 1 shows the strongest strain path
change, whereas test 6 has the most gradual transi-
tion from plane strain tension to simple shear. Actu-
ally, test 6 shows an orthogonal test without com-
pensation for stiffness. Tests 2-5 have intermedi-
ate strain path changes. The shear stresses are de-
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Figure 2: Strain paths for 6 tests on mild steel with
increasing sharpness of the strain path change.
picted in Figure 3. For reference, also the curve of
a monotonous simple shear test is included. Clearly,
the test with the sharp strain path change (1)shows
a strong overshoot (40MPa)compared to the mono-
tonic curve.
During the first strain path a dislocation structure
is developed with a preferred dislocation structure.
W hen the new load is applied perpendicular to this
orientation, the dislocation structure cannot deform
instantaneously, but microbands evolve that absorb
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Figure 3: Shear stresses in orthogonal strain path
changes. For reference, the monotonous simple
shear curve is also plotted.
all the deformation, while the cells enclosed by the
microbands do not plastically deform [9, 10]. The
microbands require a high stress to be formed, ex-
plaining the overshoot in a strong strain path change.
If the loading direction is changed gradually, the dis-
location structure is slowly “pushed”into this new
orientation, requiring less force. This is shown by
test 6 with a gradual transition from tension to sim-
ple shear. Here, the stress slowly increases to the
level of the monotonic shear curve. Apparently, for
these weak strain path changes there is no high stress
required to deform the material. Finally, Figure 4
shows the results of the tests plotted in stress space.
The stresses plotted here are in the local axis of the
equipment, so the tensile stress is under the plane
strain condition. Furthermore, in this graph it can be
seen that after the tensile deformation, a delay of 20
seconds is applied to extract the rate effects from the
experiments. After that the test continues with the
shear deformation. It is remarkable that although
the strain paths are very different, the stress paths
coincide to a large extent. Especially, the first 5 tests
show great resemblance. Test 1 has an increase in
tensile strain during the transition of 1 %, but test 6
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Figure 4: Stress paths for the 6orthogonal tests.
0 0.2 0.4 0.6 0.8 1
0
0.2
0.4
0.6
0.8
more prestrain
normalized tensile stress (−)
n
o
rm
al
iz
ed
 s
h
ea
r 
st
re
ss
 (
−
)
Figure 5: Normalized stress paths for different pre
strains in DC06.
has approximately 7 % of additional plastic strain in
this direction.
Actually, Figure 4shows trajectories over a cross
section of the three dimensional plane stress yield
surface (??, ?? , ???), but with the transverse stress
unknown. Because the material is plastically de-
forming during these strain path changes, the tran-
sition from plane strain tension to simple shear re-
flects the actual shape of the yield surface. It is no-
ticed that the overshoot in shear stress (Figure 3),
is hardly observed in Figure 4. At the end of the
strain path change, when the tensile stress is approx-
imately zero, the shear stress shows a little drop and
subsequently increases again.
To explore the sensitivity of prestrain to the stress
paths, experiments were carried out with various
prestrains. The strain path changes were taken rela-
tively sharp, to really isolate the behaviour during a
strain path change. The prestrains applied were 5 %,
12 % and 17 % of plane strain tensile strain. The re-
sultsarenormalizedwiththeuniaxialtensilestress
to give a comparison of the different stress paths,
Figure 5. The results of these tests show that stress
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Figure 6: Resulting shear stresses in orthogonal
tests with different prestrains.
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paths are very similar, despite the different settings
of the experiments. A small trend though can be
observed; with increasing prestrain the stress paths
converge. Less prestrain means in this respect that
the old anisotropy, as it was in the blank, is shown
in these graphs. With increasing pre strain, the old
anisotropy is erased and replaced by the new one.
Another issue is that with just small amount of pre-
strain, the deformation state is only at the beginning
of the hardening curve, at which the hardening rate
is still relatively high. The plateau after a strain path
change with low pre strains is not observed because
the hardening rate is outbalancing this effect. Fig-
ure 6 shows the effect of different amounts of pre-
strainontheshearstress.
3 SIMULATIONS
The strains that were measured in the former chap-
ter, Figure 2, are used here as the input for the sim-
ulations. Full simulations are not performed, only
the material model is used, without considering the
rotation of the material. This is possible as long as
rotations of the material are small, which is the case
during the strain path change. With larger shear de-
formations rotations cannot be neglected and there-
fore results in this area are not considered.
3.1 MATERIAL MODEL
The Vegter yield criterion [11] is used and defines a
yield surface for plane stress situations in principal
stress space, based on experiments on sheet metal,
Figure 7. Four simple experiments are used to de-
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Figure 7: Reference and hinge points for the Vegter
yield criterion.
fine different regions on the locus, they are:shear
test;uniaxialtensiletest;planestraintensiontest
and the equi-biaxial test. The intermediate parts are
described by second order Bezier functions. The
strain directions in these experiments are known or
can be measured, such that the local tangents to the
yield surface are known. These values are used to
define the hinge points for the Bezier curves. This
leadstoa?1 continuous yield function. By assum-
ingthatthematerialbehavessimilarintensionand
in compression (?? ? ?? ? ?)and that the same ex-
periments can be performed by rotation of the mate-
rialover??? (?? ? ?? ? ?), a complete yield locus
is defined. The yield criterion is described with the
following equation:
?
?
??? peq
?
? ?eq ???? ?f
?
? peq
?
(1)
The yield function is then constructed with the
equivalent stress and the flowstress:
?? ? ?eq?f
???? ?? ? ??? ? ?????
?? ???? ? ??? ? ????
?
? ? ??? ?? (2)
The yield locus between two deformation modes is
described by the stresses ?? and?? (reference points,
filled dots in Figure 7)and a hinge point ?? (open
dot). The parameter ? determines the relative posi-
tion between the two reference points. Anisotropy
in the material is taken into account by making the
reference point a function of the angle of the first
principal stress with respect to the rolling direction.
Thisimpliesalsothatmultipleexperimentshaveto
be carried out for each direction. This way refer-
ence and hinge points can be determined for a set
of directions, interpolation is used for intermediate
values of directions. The hardening behaviour is ob-
tained from uniaxial tensile curves, and extrapolated
by using the Bergstro¨m hardening law.
3.2 RESULTS
In this section similar results are discussed as in sec-
tion 2. The shear stresses are depicted in Figure 8,
with again the monotonic loading curve as a refer-
ence. Obviously, the shear stresses calculated here
cannot exceed the reference curve because harden-
ing is modelled as isotropic. The trend observed in
the experiment though, is clearly visible; a strong
strain path change gives a sudden increase to the
maximumshearstress, whereasagradualstrainpath
change gives a gradual approach. The stress paths
are depicted in Figure 9. Because there is a signifi-
cant increase in strain during the strain path change,
thematerialstartstoharden.Forthisreason, the
stress paths deviate at the end of the strain path
change. Furthermore, it can be observed that in both
loading stages some noise in the latent direction is
observed. This is due to the fact that if the material
is still in the elastic region, every strain increment is
considered to be elastic. This implies that the noise
on the strain measurement is assumed to be a “true”
increment, and as such multiplied with the elastic
modulus. W hen the material enters the plastic re-
gion, this ‘zoom’effect is gone. Actually, this can
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Figure 8: Shear stresses in simulations with strain
paths from the experiments.
be seen as an indicator for the accuracy of the strain
measurement.
The results of simulations with different amounts
of prestrain are depicted in Figure 10. Since the
material model is described exclusively by isotropic
hardening it is expected, and observed, that the nor-
malized stress paths coincide. The stress paths that
deviate from the inner stress paths are results of sim-
ulations where a gradual transition from tension to
shear is applied; plastic strain is accumulated and
hardening occurs.
4 SIMULATION VS. EXPERIMENT
From Figure 9it is evident that the stress paths fol-
lowed by the experiment and the simulation do not
agree.Thesimulatedresultsshow atrendtowards
shear that is much lower than the experimental re-
sults. The theoretical ratio between the plane strain
and shear yield point in the Vegter yield criterion is
0.44, although these yield stress are obtained from
proportionalexperiments.Inthesimulationswith
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Figure 9: Stress paths from experiments (thin lines)
and stress paths from simulations (thick lines) with
strain paths from the experiments.
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Figure 10: Normalized stress paths for different pre
strains in simulation on DC06.
the sharpest strain path change this ratio is indeed
observed. Higher values are obtained in case a grad-
ual strain path change is applied. For the experi-
ments this value approximates 0.56, which is signif-
icantly more. With decreasing prestrain this value
is even higher. This is a remarkable result, since
especially with a low value of accumulated plas-
tic strain, the yield surface should be more or less
comparable with results from uniaxial experiments.
So although the overshoot after a strain path change
becomes smaller with smaller prestrain, the experi-
ments and simulations deviate more from each other.
This can only partially be explained by the higher
hardening rate at lower pre strains. It is noticed that
the Von Mises yield criterion, traditionally used for
steel, gives a value of 0.50, reflecting the experi-
mentsbetter.
Applying more or less prestrain to the sample does
not improve the results. A decreasing deviation was
expected with decreasing the amount of prestrain,
but it is actually the other way around. The less
the amount of prestrain, the higher the plane strain
tension–simple shear ratio at the end of the strain
path change.
5 CONCLUSIONS & DISCUSSION
The conclusion of the presented work is that the ob-
served yield surface in experiments does not corre-
spond with models of yielding. A difficult question
is how to proceed with these results. The concept of
yield criteria has been proven to be able to give accu-
rate result in sheet metal forming, but the results of
theexperimentsshow animportantdeviation.The
concept of a split between yield criterion and hard-
ening law can be persisted in two ways:i)put the
shape change in the hardening model and leave the
yield criteria as they are. Examples of these are
given by Teodosiu and Hu [12], Haddadi et al. [13]
and Yoshida and Uemori [14] and [15]. ii)Make the
shape of the yield surface history dependent; apply a
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distortional yield criterion. Svendsen and his group
[16, 17] have obtained some nice results modelling
their material in this fashion.
Looking at the experimental results it seems to be
more appropiate to turn to distortional yield func-
tions. Because independent of the amount of plas-
tic strain during the strain path change, the shape of
the yield locus does not change. This indicates that
the yield locus is determined at the end of the ten-
sile loading and is not influenced by the strain path
change.
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